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The band non-parabolicity of tin-doped indium oxide (ITO) polycrystalline thin films is investi-
gated with the quasi-linear Kane model through Seebeck and Hall effect measurements. We report
Kane model non-parabolic band parameters of m∗

0 = 0.21m0 and C = 0.52 eV-1 for ITO, in good
agreement with historical photoemission, optical, and transport measurements. To do this, the ITO
films were doped with nitrogen by ion implantation, with fluences ranging from 5× 1014 Ncm-2 to
5 × 1015 Ncm-2. The presence of the nitrogen in the films was verified with X-ray photoelectron
spectroscopy, and their acceptor character studied theoretically by density functional theory. Ex-
perimentally, the doped nitrogen formed NO

- defects, deep acceptor states that led to a controlled
compensation in carrier concentration from 10.1×1020±0.6×1020 cm-3 to 2.9×1020±0.2×1020 cm-3.
Understanding the band non-parabolicity of degenerately doped transparent conducting oxides is
essential for their commercial application in solar cells, transparent thermoelectric generators, and
transparent thin film transistors, and by this work, the Seebeck and Hall effect approach with the
quasi-linear Kane model for band non-parabolicity is presented as a practical method by which to
study the variation in carrier effective mass without reliance on optical measurements.

I. INTRODUCTION

Band non-parabolicity is an important aspect of degener-
ately doped conducting oxides which leads to a limitation
in the carrier mobility due to an increase in carrier effec-
tive mass as a function of carrier concentration. When
the Fermi energy intersects an electronic band, high car-
rier concentrations are provided which leads to degener-
ate conductivity. A common class of degenerately doped
conductors is the series of doped transparent conducting
oxides, i.e., In2O3:Sn, In2O3:Mo, SnO2:F, ZnO:Al, and
ZnO:Ga, amongst others [1, 2]. In terms of industrial
application, tin-doped In2O3 (ITO) is the current lead-
ing n-type transparent conducting oxide, found in trans-
parent flat-panel screens and solar cells [3–5]. The key
feature of the precursor In2O3 is its intrinsic band de-
generacy from high concentrations of unintentional dop-
ing by oxygen vacancy (VO) formation during growth.
Tin doping by indium substitutional defect formation
(SnIn) further n-type dopes In2O3, increasing its already
high carrier concentration (∼ 1021 cm-3) and providing a
Burstein-Moss blue shift without detrimentally affecting
the materials’ optical transparency (> 80%) [5, 6]. The
conduction band of In2O3 is composed of highly-disperse
s orbitals which provides ITO with high carrier mobility
(∼ 50 cm2V-1s-1), and as a result a low electrical resistiv-
ity (∼ 100 µΩcm). The reason for high carrier mobility in
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In2O3 is the low carrier effective mass. Measurements of
the effective mass have predicted a wide range of possi-
ble values, ranging between 0.14m0 and 0.55m0 reported
through a range of methods, where m0 is the free elec-
tron rest mass [5–10]. A recent Seebeck and Hall effect
measurement approach in ITO found an effective mass
of 0.30± 0.03m0 [11]. From band edge absorption mea-
surements, reduced masses of 0.38m0 and 0.22m0 were
calculated both without and with many-body correction
terms for the Burstein-Moss band gap shift correction
[12]. Density functional theory (DFT) calculations from
Fuchs et al. [9] find band-edge effective masses of 0.18m0

by the PBE exchange-correlation functional and 0.22m0

by the HSE03 exchange-correlation functional.

A limiting factor in carrier mobility, and by extension,
electrical conductivity in ITO is the increase in effective
mass due to conduction band non-parabolicity. The band
edge effective mass is denoted m∗

0 and the first-order non-
parabolicity factor is C. The effective mass variation as
a function of carrier concentration in ITO has been in-
vestigated so far only through optical methods involving
the plasma frequency, Liu et al. [4], Fujiwara and Kondo
[13], and Feneberg et al. [14], finding near band edge ef-
fective masses of m∗

0 = 0.263m0, m∗
0 = 0.297m0 and

m∗
0 = 0.18m0, with first-order non-parabolicity factors

of C = 0.4191 eV-1, C = 0.18 eV-1 and C = 0.5 eV-1, re-
spectively. To our best knowledge, no investigation of the
non-parabolicity of the conduction band in ITO through
the Seebeck and Hall effect approach has yet been re-
ported.
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The high carrier concentration in ITO is a result of
both the oxygen vacancy defect and the tin donor defect,
the former providing two free electrons and the latter one
additional free electron [12]. The activity of the tin de-
fect can be modified through crystallographic damage in-
duction by ion implantation, an effect noted in polycrys-
talline and epitaxial films, but not in amorphous films
[15]. A significant reduction in carrier mobility after im-
plantation is also observed, suspected to be due to for-
mation of point defects formed by the damage cascades,
which involve both indium and tin oxides. Annealing
under vacuum conditions between 200-300°C is known
to remedy the loss in carrier mobility by reparation of
those point defect structures [16]. The post-anneal car-
rier concentration is also known to recover to close to the
carrier concentrations observed in the unimplanted film,
attributed to the re-activation of the tin as an electron
donor. It has been reported through this approach that
tin doping indium oxide provides at most ∼ 4×1020 cm-3

electrons to indium oxide [12]. Excessive doping with tin
leads to a notable reduction in carrier mobility due to
an increase in scattering centers, whilst the additionally
doped tin remains largely inactive.

Nitrogen implantation is a known extrinsic doping
method in n-type transparent conducting oxides by which
to effectively tune their structural, optical, and electrical
properties through carrier compensation [17–19]. By us-
ing ion implantation we tune the carrier concentration
in ITO by compensating its free carrier concentration
with nitrogen as an acceptor dopant which substitutes
onto oxygen sites (NO). We implement the Seebeck and
Hall effect measurement method on magnetron sputtered
and nitrogen implanted ITO thin films to investigate of
the non-parabolicity of the conduction band. The im-
planted nitrogen is observed to form NO

- substitutional
defects, acting as an acceptor in ITO. This method re-
duces the overall carrier concentration and allows for a
fine-tuning of the Fermi energy relative to the conduction
band edge in ITO, without causing any other complicat-
ing adverse effects in terms of film or material degrada-
tion. The measurements presented in this work show a
controlled reduction in carrier concentration through ni-
trogen implantation. A theoretical investigation was also
undertaken to investigate the role of the NO defect with,
and without nearby SnIn defects, revealing a stable NO

-

defect regardless of the nearby SnIn impurity concentra-
tion, whilst simultaneously not influencing the dispersion
of the conduction band.

II. EXPERIMENTAL METHODS

ITO films (170−175 nm thick) were acquired from techin-
stro, possessing a 25 nm SiO2 buffer layer on 0.7mm
borosilicate glass substrates. The ITO films were im-
planted with nitrogen at normal incidence over a range
of fluences from 5 × 1014 Ncm-2 to 5 × 1015 Ncm-2. T-
DYN (Transport of Ions in Matter-Dynamic) was used to

identify an appropriate implantation energy of 57.6 keV,
leading to a projected range of Rp = 76.2 nm [20] with
an assumed ITO density of 7.14 gcm-3. The fluences used
for this work led to peak nitrogen concentrations between
0.06− 0.6% at Rp. The resulting nitrogen depth profile
is depicted in supplemental information Figure S1. Ex-
perimentally, the implantation was conducted at room
temperature with a low energy ion implanter with a 90°
mass-separating magnet, the beam scanned to ensure
uniform implantation over the entire film area [21–23].
The nitrogen beam current density was kept constant at
0.3 µAcm-2 to avoid sample heating. The base pressure in
the target chamber was kept below 5×10−8 hPa through-
out implantation. After implantation the samples were
vacuum-annealed at 300°C for one hour at a pressure less
than 2×10−6 hPa in a custom-built vacuum tube furnace.
Film thickness characterization was conducted with

Rutherford Backscattering Spectrometry (RBS) with a
10 nA 2.0MeV 4He+ beam at normal incidence with a
beam spot size of 1mm2 for a total charge of 20µC with
the detector mounted at 165° relative to the incident
beam [24]. The films’ structural properties were inves-
tigated with X-ray diffraction (XRD) with a Cu K α1/2
X-ray source (K α1 λ = 1.540 Å, K α2 λ = 1.544 Å).
The measurement geometry was grazing incidence with
ω = 2° with a Rigaku SmartLab X-ray diffractome-
ter. X-ray photoelectron spectroscopy (XPS) was used
to investigate the chemical composition with a Ther-
moFisher ESCALAB250Xi using a monochromated Al
K α1 (1486.68 eV) X-ray source with perpendicular pho-
toelectron emission. The largest C 1s peak was used for
binding energy alignment for the high resolution scans at
284.8 eV, and an intrinsic binding energy error of 0.1 eV
was assumed. The data was analysed with CasaXPS [25].
The pass energy used for measurement was 100 eV for
the survey scans and 20 eV for the core level scans. The
base pressure in the vacuum system was kept better then
2× 10−9 hPa throughout measurement.
The room temperature electrical properties were mea-

sured on 10 × 10mm2 samples with a Hall effect mea-
surement system (HMS-3000) with a 0.55T magnet us-
ing gold contact electrodes pressed on the sample sur-
faces. Room temperature thermoelectric measurements
were done with a ULVAC ZEM-3 Seebeck effect measure-
ment system. The error in the electrical conductivity and
Seebeck effect measurements are 5%, respectively. Tem-
perature dependent resistivity measurements were con-
ducted with a custom-built closed-cycle cryostat with the
Van der Pauw geometry.

III. COMPUTATIONAL METHODS

The ab initio density functional theory (DFT) cal-
culations in this work were conducted with Quantum
ESPRESSO using the periodic pseudopotential method
within the projector augmented wave formalism [26–29].
Ultrasoft pseudopotentials by Dal Corso were used with
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the generalized-gradient approximation (GGA) level of
theory with the PBE functional [30, 31]. The indium,
tin, oxygen, and nitrogen valence atomic configurations
were 4d105s25p1, 4d105s25p2, 2s22p4, and 2s22p3, re-
spectively. Convergence testing was conducted on an
80 atom bixbyite unit cell of In2O3 in the Ia3̄ (group
no. 206) structure, containing 32 In atoms and 48 O
atoms. The energy per atom and force convergence crite-
ria were < 5meVatom-1 and < 1meV Å-1, respectively,
and involve a 3 × 3 × 3 Monkhorst-Pack k-point grid
[32] with cutoff energy 67Ry (912 eV). Gaussian smear-
ing of 0.01 eV was used due to the induced metallicity
by the defects. Symmetry-unrestricted structure opti-
mization was conducted with the conjugate gradient algo-
rithm by calculating the Hellman-Feynman forces. Due
to the reduced Brillouin zone size of the supercell, the un-
folded band structure was subsequently calculated with
banduppy [33–35]. For the projected density of states
calculations, a 12 × 12 × 12 Monkhorst-Pack grid was
used with 0.1 eV Gaussian broadening.
The effect of tin stoichiometry on the electrical behav-

ior of the NO acceptor defect is tested by considering an
isolated NO defect, a NO defect with a nearby SnIn defect,
denoted (SnIn+NO), and a NO defect with two nearby
SnIn defects (2SnIn+NO). The range of NO, (SnIn+NO),
and (2SnIn+NO) defects are used to study nitrogen dop-
ing of In2O3 and heavily Sn-doped In2O3, where the con-
centration of NO defects is lower than that of the SnIn
donors, without requiring intractably large supercell cal-
culations. The various defect charge states and their for-
mation energies determine the Fermi energy of a physical
system. The formation energy of a defect (∆Hq

D) de-
pends on the charge state (q) and defect type (D) of the
total energy of the defected supercell (Eq

D), its pristine
host energy (EH), the chemical potential(s) (µi+∆µi) of
the subtracted/added atom(s) (ni = −1/ + 1), the elec-
tron energy q∆EF , and finite size correction factors by
EC in

∆Hq
D = [Eq

D−EH ]−
∑
i

ni (µi +∆µi)+q∆EF+EC. (1)

The thermodynamic host stability condition of the
metal oxide formation enthalpy ∆Hf (In2O3) = 2∆µIn +
3∆µO = −9.49 eV is enforced. For the formation en-
thalpy of tin and indium their ambient metallic phases
are considered whilst for nitrogen and oxygen the gaseous
molecules are used. The formation enthalpy of tin is also
limited through the formation of rutile SnO2. Important,
also, is the thermodynamic transition energy which is the
Fermi energy at which a defect changes charge from state
q1 to q2, given by

ε(q1/q2) =
∆Hq1

D (∆EF = 0)−∆Hq2
D (∆EF = 0)

q2 − q1
. (2)

This quantity determines if the defect is a deep, shal-
low, or resonant donor/acceptor within a host electronic

structure, depending if the transition occurs far, near, or
within a band edge. The defect formation energy correc-
tion factors used in this work are: (1) core level potential
alignment to the furthest indium atom from the defect
site, and (2) third order periodic image charge correction.
For the image charge correction a relative permittivity of
8.9 [36] and the bcc supercell Madelung constant 2.8883
[37] were used with f = −0.34 [38]. From our calculation,
the Kohn-Sham eigenvalue gap in pristine In2O3 is under-
estimated to be 0.9 eV, much less than the experimental
fundamental gap of 2.7 eV [39]. We correct the band gap
by a valence band downshift (∆EVB = −0.46 eV) deter-
mined through a Ueff = U −J = 5.6 eV (J = 0) Hubbard
parameter applied to the In 4d valence states correcting
the O 2s depth shift relative to the valence band edge,
and a conduction band upshift (∆ECB) by the scissor
shift to correct the remaining discrepancy [40–43]. For
the formation energy diagram the Fermi energy is allowed
to vary between the shifted band edges 0 ≤ ∆EF ≤ EG.

IV. COMPUTATIONAL RESULTS

Ab initio density functional theory calculations were
undertaken to explicate the role of the charge state of
the NO defect. The characteristic n-type defects in ITO
which define its physical characteristics are intrinsic oxy-
gen vacancies (VO) and extrinsic tin-indium impurity
defects (SnIn). Figure 1 shows the application of Eq. 1 in
In-rich and O-rich chemical potentials. In Figure 1 the
oxygen vacancy (black) exists in either the 2+ or the 0
charge state depending on the Fermi energy, transition-
ing at ∆EF = 2.58 eV by Eq. 2. The ε(2 + /0) charge
transition of VO at 0.12 eV below the conduction band
edge is close to the LDA-calculated value of 0.2 eV re-
ported by Reunchan et al. [44] and the HSE-calculated
value of 0.21 eV calculated by Yu et al. [45]. Chatratin
et al. predicted two charged transitions: ε(2 + /+), and
ε(+/0) at 0.12 eV below, and 0.06 eV above the conduc-
tion band edge as calculated with the hybrid HSE func-
tional [46]. Lany and Zunger [40] predicted a deeper
ε(2 + /0) transition 2.3 eV above the valence band edge
with PBE while assuming a band gap of 3.5 eV. Recently,
Swallow et al. [47] predicted a transition at 0.12 eV be-
low the conduction band edge with an assumed gap of
2.63 eV with HSE. A consensus of the VO charge transi-
tion energy of is yet to be reached.
Including one SnIn (orange) defect corresponds to a

doping concentration of x=0.06 in In2-xSnxO3. The pre-
ferred charge state of this defect is SnIn

+ when the Fermi
level is near the gap centre with a transition to an inactive
SnIn

0 state at ∆EF = 2.35 eV, 0.35 eV below the conduc-
tion band edge, and is therefore a deep donor in In2O3.
In the In-rich condition, the formation energy of the SnIn
defect is always negative, in violation of the dilute limit
condition. This, however, qualitatively indicates that
this extrinsic defect can be readily incorporated in the
In2O3. Lany and Zunger [40] predict with PBE that the
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FIG. 1. (Color online) Formation energy diagram of defect
states in the (a) In-rich scenario (∆µIn = 0 eV) and the (b)
O-rich scenario (∆µO = 0 eV). The background coloring in-
dicates the in-band regions beyond the fundamental gap of
2.7 eV.

ε(+/0) transition occurs 0.13 eV below the conduction
band edge, acting in that case as a deep donor, while
Swallow et al. [47] predict the ε(+/0) transition to occur
at 0.85 eV above the conduction band edge. When con-
sidering an increased tin concentration by including two
SnIn (red) defects the preferred charge states are 2SnIn

2+

and 2SnIn
0. The stable charge state directly transitions

undergoes the ε(2 + /0) transition at ∆EF = 3.08 eV,
0.38 eV above the conduction band edge. This defect
charge transition lies within the conduction band, and as
such, would lead to degenerate doping of indium oxide.
Including two SnIn defects leads to an overall decreased
defect stability, i.e., a higher formation energy per defect.

The nitrogen-oxygen substitution was then investi-
gated in a variety of scenarios: the first involving just
NO (blue), the second involving a defect complex of
SnIn+NO (light green), and the third involving a defect
complex of 2SnIn+NO (dark green). The NO defect un-
dergoes the ε(0/−) transition at ∆EF = 0.54 eV, acting
therefore as a deep acceptor in indium oxide. The deep
acceptor status calculation of the NO defect is a simi-
lar as noted in the other transition metal oxides such
as ZnO [48, 49] and SrTiO3 [44]. The nitrogen sub-
stitution directly compensates the intrinsic donor VO

defect by filling the oxygen vacancy. Considering the
SnIn+NO defect complex reveals a similar character, un-
dergoing the ε(+/0) transition at ∆EF = 1.32 eV and
the ε(0/−) transition at ∆EF = 1.74 eV, accounting
for both sub-transitions of NO

0 to NO
- and SnIn

+ to
SnIn

0. These transitions are located close to the mid-
dle of the experimental gap. Further, the 2SnIn+NO de-
fect complex reveals a series of charge transitions, rang-
ing from (2SnIn+NO)

2+ to (2SnIn+NO)
- with thermo-

dynamic transitions at ∆EF = 2.03 eV for ε(2 + /+)
and ∆EF = 2.37 eV for ε(+/−). All defects involving

FIG. 2. (Color online) Near-edge (a) unfolded band structure
and (b) projected density of states diagram of In2O3 unit cell
possessing one neutral NO defect. The energy scale is set
relative to the valence band maximum, and the Fermi energy
is depicted by the magenta dashed line. In the projected
density of states the N p contribution has been multiplied by
5 to increase its visibility.

nitrogen exhibit persistent acceptor character when the
Fermi energy lies near or within the conduction band.
The nitrogen defect in ITO is predicted to monotonically
reduce the experimentally observed free carrier concen-
tration, regardless of the activity of presence of nearby
tin donors.
The neutral NO acceptor defect is investigated in more

detail through an unfolded band structure diagram and
projected density of states diagram in Figure 2(a) and
Figure 2(b). The band structure shows the standard fea-
tures of In2O3, a rather complicated valence band struc-
ture, and a single conduction band separated by a band
gap. The conduction band centred at Γ exhibits obvious
non-parabolicity when sufficiently far from the conduc-
tion band edge. The density of states diagram shows that
the valence band is mainly comprised of states with O p
and In p character and that the conduction band is com-
prised of a dispersive band of In s states. The NO defect
reveals a localized N defect state (delocalized in recipro-
cal space) near to the valence band maximum. Note that
in the absence of other defects this would pin the Fermi
level to the NO defect energy. The NO defect does not
perturb the dispersion of the conduction band. The lack
of disturbance of the conduction band is attributed to the
absence of significant indium sublattice distortion upon
force and pressure relaxation. Figure 3 shows the elec-
tron density difference diagram of the NO

--NO
0 electron

density, visualized with VESTA [50, 51]. The electronic
defect state is localized to the NO defect site.
In terms of the cell structure, for the cell containing one

NO
-1 defect the average nearest-neighbor N-In distance

is 2.174 Å. Comparing this to the same site in the defect-
free unit cell the average nearest-neighbor O-In distance
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FIG. 3. (Color online) Electron density difference diagram
of the 80-atom bixbyite unit cell of In2O3 with one NO de-
fect. Red spheres are oxygen atoms, grey spheres are indium
atoms, and the blue sphere is a nitrogen atom. The yellow
and blue colored regions are positive and negative electron
density differences.

is 2.178 Å, a negligible difference compared to the N-In
distance. The equilibrium lattice constant of the defected
supercell with one NO

- defect is 10.365 Å whilst for the
pristine system it is 10.303 Å, a difference of less than
0.5%. The localization of the NO p states above the va-
lence band are highlighted in the projected density of
states in Figure 2(b). Importantly there is no change
of the electron density localized on the metal ions. The
absence of lattice distortion and negligible effect on the
electron density around the overlapping free electron-like
In s orbitals implies that the overall conduction behav-
ior is minimally affected by the presence of NO

- defects.
In summary, this section verifies that nitrogen doping
ITO leads to carrier compensation without introducing
disorder within the conduction band. The next section
provides experimental evidence of NO defect formation
through combined variation in carrier concentration and
carrier mobility.

V. EXPERIMENTAL RESULTS

Through RBS measurement, the film stoichiometry was
identified to be approximately 2:3 metal to oxygen with
a film thickness of 173±2 nm, data shown in supplemen-
tal information Figure S2(a). From XRD measurements
shown in supplemental information Figure S2(b), phase-
pure In2O3 (card no. 00-006-0416) was identified, with
high film crystallinity for all samples. Split pseudo-Voigt
functions were fitted to the three dominant diffraction
peaks in the pattern, after which the lattice constant
was calculated with Bragg’s law, then averaged over the
three most intense diffractions to estimate the lattice con-
stant [52]. No measurable changes in lattice constant or
peak broadness were observed after implantation, stay-
ing within error of the 10.18± 0.01 Å lattice constant of
the unimplanted sample.

FIG. 4. (Color online) XPS (a) survey scans, and (b) high res-
olution N 1s core level scans of undoped and nitrogen doped
ITO films with annotated peak fits. Data is vertically offset
for visual clarity.

To identify the ratio of tin to indium and to verify
the presence of nitrogen in the films, a selection thereof
were investigated with XPS. Figure 4(a) shows the survey
spectra of films which indicating the presence of carbon,
indium, tin, and oxygen. High resolution XPS was con-
ducted on the C 1s, N 1s, In 3d, Sn 3d, and O 1s core
levels. The N 1s core level is shown in Figure 4(b), whilst
the In 3d, Sn 3d, C 1s, and O 1s core levels are shown in
Figure 5.

Figure 5(a) shows the indium core levels which can be
fitted into two sets of two peaks at 444.3 eV for lattice in-
dium in ITO, designated In 3d5/2 (latt.), and at 445.2 eV
corresponds to amorphized In in ITO, denoted as In 3d5/2
(amorph.) [53, 54]. The corresponding In 3d3/2 peaks are
spin-orbit separated by 7.54 eV. Figure 5(b) shows the Sn
3d core level, separated into two sets of two peaks, the
first at 486.2 eV, attributed commonly to Sn 3d5/2 (2+)
and the second at 486.8 eV as Sn 3d5/2 (4+). The Sn 4+
peak represents the presence of both substitutional SnIn
doping and the presence of SnO2, making their presence
indistinguishable [55, 56]. In addition, it is known that
tin oxides form at the boundaries between In2O3 grains
due to the expulsion of Sn during growth of ITO films.
The corresponding Sn 3d3/2 peaks are spin-orbit sepa-
rated by 8.41 eV. The fits for the O 1s peaks in Figure
5(c) at 530.0 eV are attributed to lattice oxygen denoted
as O 1s (latt.) in In2O3, with the peaks around 1 eV
binding energies above at 531.2 eV are commonly inter-
preted as oxygen in the proximity of an oxygen-deficient
indium atom, denoted as O 1s (vac.) [55, 57, 58]. Oxy-
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FIG. 5. (Color online) XPS high resolution (a) In 3d, (b) Sn 3d, (c) O 1s, and (d) C 1s core level scans of undoped and nitrogen
doped ITO films with annotated peak fits. Data is vertically offset for visual clarity.

gen core levels associated with adventitious hydrocarbons
are noted as O 1s (adv.) at 532.2 eV. The fits in the
C 1s core level in 5d at 284.8 eV (C-C/C-H), 286.1 eV
(C-OH/C-O-C), 287.8 eV (C=O), and 288.8 eV (O-C=O)
were assigned as by Biesinger [59].

Nitrogen core level spectra are shown in Figure 4(b)
where it is noted that all samples show a small concen-
tration of nitrogen at a binding energy of 399.6 eV, at-
tributed to the presence of adventitious hydrocarbons by
atmospheric exposure [60–62]. The intensity of the ad-
ventitious N 1s peak scales directly with intensity of the
adventitious carbon-related peaks, indicating their ori-
gin. The implanted samples show a peak at 398.5 eV
which has been previously attributed to nitrogen on oxy-
gen substitution within ITO [55, 63]. The implanted ni-
trogen ions are proposed to either fill oxygen vacancies or
substitute oxygen atoms, and therefore form deep accep-
tor states, having the effect of reducing the overall carrier
concentration. After Ar+ sputter etching for two minutes
the bulk tin-indium ratio was identified to be 0.08:0.92,
resulting in a film stoichiometry of In1.84Sn0.16O3. The
chemical species associated with adventitious hydrocar-
bons (not shown) on the film surface were almost entirely
removed (C, N, and O) after etching. Simultaneously,
the nitrogen core level became hidden within the mea-
surement noise due to preferential sputtering [64].

The atomic concentration of nitrogen at the projected
range depending on the implantation fluence by T-DYN
is shown in Table I. A continuous decrease in conductiv-
ity by implantation was observed as a result of nitrogen
doping. Since the films are degenerately donor-doped

semiconductors, no minority carriers are formed by the
introduction of the deep acceptor states, and therefore,
the Hall coefficient is derived from a single-carrier model.
From the measured Hall coefficient RH , the carrier con-
centration n was calculated through n = 1/qRH . The
Hall coefficient was negative in all samples, implying
that the films remain n-type conductors. The carrier
mobility is defined in terms of the electrical conductiv-
ity and carrier concentration as µ = σ/nq. Upon im-
plantation with the lowest fluence (5 × 1014 Ncm-2), a
notable initial decrease in carrier concentration and mo-
bility from an initial 9.5 × 1020 ± 0.6 × 1020 cm-3 and
43.1±4.5 cm2V-1s-1 to values of 5.5×1020±0.3×1020 cm-3

and 22.1 ± 2.3 cm2V-1s-1 were measured. The initial re-
duction of both has been previously attributed to the
formation of neutral tin and indium defect complexes
[10, 12, 65]. Beyond this initial drop in mobility, the mo-
bility only slightly further reduced upon further implan-
tation which is attributed to the increasing concentration
of nitrogen impurity sites. A final carrier mobility value
of 17.1± 1.8 cm2V-1s-1 was measured upon implantation
with a fluence of 5× 1015 Ncm-2. The further reduction
in carrier concentration is directly proportional to the
implanted nitrogen concentration, implying that the ni-
trogen doping acts exclusively as an acceptor. The initial
significant reduction in carrier concentration is attributed
to the deactivation of the tin donor, removing an aver-
age 3.9×1020±0.2×1020 cm-3 carriers in all un-annealed
samples. This result is in close agreement with the donor
concentration derived from the tin donors as calculated
by Vink et al. [12]. This relationship between implanted
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TABLE I. Room temperature electrical and thermoelectric properties of both implanted and un-annealed, and implanted and
annealed nitrogen doped indium tin oxide thin films.

Fluence [N cm-2] N conc. [×1020 cm-3] Annealed ρ [µΩcm] σ [Scm-1] µ [cm2V-1s-1] |n| [×1020 cm-3] |α| [µVK-1]
0 0 ✕ 156± 8 6427± 323 42.5± 4.3 9.5± 0.6 11.5± 0.6

5× 1014 0.3 ✕ 514± 26 1945± 97 22.1± 2.3 5.5± 0.3 12.7± 0.7
1× 1015 0.6 ✕ 685± 34 1460± 73 19.2± 2.0 4.8± 0.3 15.6± 0.8
2.5× 1015 1.5 ✕ 814± 47 1229± 70 19.0± 2.0 4.0± 0.3 17.1± 0.9
5× 1015 2.9 ✕ 1259± 67 794± 42 17.1± 1.8 2.9± 0.2 18.8± 1.0

0 0 ✓ 143± 7 6993± 352 43.1± 4.5 10.1± 0.6 10.0± 0.5
5× 1014 0.3 ✓ 180± 9 5547± 278 38.9± 4.0 8.9± 0.5 11.5± 0.6
1× 1015 0.6 ✓ 198± 10 5060± 254 38.3± 3.9 8.2± 0.4 11.7± 0.6
2.5× 1015 1.5 ✓ 246± 12 4065± 204 39.7± 4.2 6.4± 0.4 13.4± 0.7
5× 1015 2.9 ✓ 373± 19 2684± 134 38.2± 3.9 4.4± 0.2 17.9± 0.9

nitrogen fluence and the variation in carrier concentra-
tion is visualized in supplemental information Figure S3.
Interestingly, from XPS, the overall tin concentration was
measured to be 2.1 ± 0.1 × 1021 cm-3, implying that the
overall doping efficiency of tin is only 16.1± 0.8%. This
implies that the majority of tin in ITO is likely located
at boundaries between crystal grains of tin-doped In2O3.
The sign of the Seebeck coefficient was negative in all

samples implying that the films are n-type conductors.
The magnitude of the Seebeck coefficient increased con-
tinuously from −11.5 ± 0.6 µVK-1 for the unimplanted
film to −18.8±1.0 µVK-1 for the film implanted with 5×
1015 Ncm-2. A similar trend of increasing magnitude of
the Seebeck coefficient is noted in the annealed samples,
ranging from −10.0 ± 0.5 µVK-1 to −17.9 ± 0.9 µVK-1.
The Seebeck coefficient and carrier concentration are re-
lated to one-another through the density of states, of
which the energy dependence directly depends on the
carrier effective mass and band non-parabolicity. The re-
lationship between the two properties can be visualized
by plotting the Seebeck coefficient and carrier concen-
tration, where an increase in one leads to a monotonic
decrease in the other.

To repair the point defects induced by implantation the
samples were annealed under vacuum. Vacuum annealing
led to a dramatic increase in carrier mobility, close to
the mobility of the unimplanted sample, summarized in
Table I. Through annealing the carrier concentration and
therefore electrial conductivity also increased, attributed
to the reactivation of the tin donors.

In order to quantify the relationship between the car-
rier concentration and Seebeck coefficient, the scattering
parameter must be known. The scattering parameter is
a constant which relates the energy of a carrier to its
lifetime, defined in the Boltzmann transport formalism
in the power law relaxation time by

τ(E) = τ0 (E/kBT )
r

(3)

where τ0 is the scattering time constant, E the carrier en-
ergy (relative to the conduction band edge), kB is Boltz-
mann’s constant, T is the absolute temperature, and r

FIG. 6. (Color online) Temperature dependent sample resis-
tivities normalized to their room temperature values.

is the scattering parameter, relating carrier energies and
lifetimes. Different scattering mechanisms possess dif-
ferent scattering factors, which also relates to the tem-
perature dependence of that scattering mechanism, the
ones relevant to this work being neutral impurity scat-
tering with r = 0 and deformation potential scattering
with r = −0.5 [52]. The scattering parameter near room
temperature can be inferred from temperature dependent
mobility measurements. In the case of ITO, the temper-
ature dependence of the resistivity also reveals the scat-
tering mechanism since the temperature dependence of
the carrier concentration is negligible due to its degener-
ate doping. Figure 6 shows the electrical resistivities as
a function of temperature of a selection of samples nor-
malized by the respective room temperature resistivity.
All measured films showed a significant residual resistiv-
ity at low temperature, attributed to neutral impurity
scattering. All measured films showed a continuous in-
crease in resistivity above 110K which implied the onset
of deformation potential scattering. In the samples where
the tin donors are deactivated, an increase in low tem-
perature resistivity is observed, and such an effect could
be attributed to ionized impurity scattering or weak lo-
calization [66, 67]. All films showed a similar increase
in resistivity from 110K to room temperature. Defor-
mation potential-based scattering and neutral impurity
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scattering each contribute approximately 10% and 90%
of the films’ resistivity near room temperature, respec-
tively. Therefore, the scattering parameter is assumed
to be a weighted average of the contributing scattering
mechanisms: r = −0.05. Historically, the scattering pa-
rameter in the non-parabolic band model for heavily de-
generated ITO has been noted to fit experimental ob-
servation for values of r ranging between r = −0.5 by
Ellmer and Meintus [68]. Guilmeau et al. [69] found
that a weighted averaging of ionized impurity scatter-
ing and neutral impurity scattering leading to a fitted
r = 0.5 − 0.56 was the best fit to experimental result
with an assumed carrier effective mass of m∗ = 0.3m0 in
the case of ITO as a heavily degenerated semiconductor.
In summary, the effects of the NO defect were evidenced
through electrical and thermoelectric measurements, and
the dominant room temperature scattering remained un-
changed by the implantation, and important prerequisite
for modelling through the Boltzmann transport model
with the non-parabolic band approximation.

VI. DISCUSSION

Nitrogen implantation in ITO leads to the introduction of
NO

- acceptor states, resulting in a compensation of free
carriers proportional to the implantation fluence. This
effect was identified through high resolution core level
XPS measurement shown in Figure 4(b) and through
the increase in resistivity summarized in Table I. The
relationship between carrier concentration and implan-
tation fluence implied that the ∼ 4 × 1020 cm-3 elec-
trons derived from the tin donors were deactivated by
the 5 × 1014 Ncm-2 implantation fluence. In addition,
the magnitude of the Seebeck coefficient increased con-
tinuously in the implanted samples as the carrier con-
centrations reduced. The combined variation of these
two intrinsic material properties allows for the carrier
concentration-dependent effective mass to be evaluated.
The quasi-linear Kane model for a conduction band de-
fines band dispersion through

E(k) + CE(k)2 =
ℏ2k2

2m∗
0

(4)

where m∗
0 is the effective mass at the conduction band

edge, C is the first-order non-parabolicity factor, ℏ is the
reduced Planck’s constant, k is the wavenumber, m∗

0 is
the band edge effective mass, and E(k) is the energy [14].
By this formalism, the carrier concentration dependent
effective mass can be written in terms of the carrier con-
centration as

m∗ = m∗
0

√
1 + 2C

ℏ2
m∗

0

(3π2n)
2/3

(5)

in which n is the carrier concentration. To determine
the carrier concentration dependent effective mass with

Eq. 5, m∗
0 and C must be determined from fitting the

Seebeck coefficient and carrier concentration to experi-
mental results. To do this within the power law relax-
ation time approximation, energies are rescaled by the
unitless reduced energy given by Ẽ = E/kBT . Similarly,

the reduced Fermi energy is ẼF = EF /kBT . For this
calculation, the energy scale is taken relative to the con-
duction band edge. Assuming a spherically-symmetric
density of states from the free-electron like conduction
band with the quasi-linear Kane dispersion (Eq. 4), the
carrier concentration can be calculated to be written as

n =
1

2π2

(
2m∗

0kBT

ℏ2

)3/2

×
∫ +∞

0

√
Ẽ
(
1 + CẼkBT

)(
1 + 2CẼkBT

)
eẼ−ẼF + 1

dẼ. (6)

From the Boltzmann transport equations with the
power law relaxation time approximation, the Seebeck
coefficient can be expressed as

α =
kB
q

[
FNP

r+ 3
2

FNP
r+ 1

2

− ẼF

]
(7)

in which a modified version of the Fermi integral is used,
written

FNP
s =

∫ +∞

0

[
(s+ 1) +

1

2

CẼkBT

1 + CẼkBT

]

× Ẽs
√
1 + CẼkBT

eẼ−ẼF + 1
dẼ. (8)

in which r = −0.05 is used in this work as the scat-
tering parameter, which determines the energy depen-
dence of carrier lifetimes as by Eq. 3. All expressions
(Eqs. 6, 7, 8) reduce to their usual forms in the condi-
tion C = 0 eV-1, i.e., the parabolic band approximation.
We plot |n| and α from Table I as Figure 7, and draw the
best-fitted non-parabolic and parabolic band Seebeck co-
efficient and carrier density relationships between those
measured parameters at room temperature. For the fit-
ting procedure we assume an exclusively diffusive Seebeck
effect at room temperature in our films, evidenced by a
linear dependence of the Seebeck coefficient with tem-
perature as previously measured by Wu et al. [70] on
similarly degenerately doped ITO samples.
The resulting best fit for our data on the Seebeck coef-

ficient against carrier concentration plot is achieved the
non-parabolic band with parameters m∗

0 = 0.21m0 and
C = 0.52 eV-1. In the context of literature, historical
Seebeck and Hall effect measurement approaches led to
values of 0.14m0 [7], 0.3m0 [11], and 0.55m0 [8]. Re-
sults from optical methods are 0.18m0 [14], 0.22m0 [12],
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FIG. 7. (Color online) Seebeck coefficient and carrier con-
centration plot of data and best-fitting non-parabolic (red,
m∗

0 = 0.21m0 and C = 0.52 eV-1) and parabolic (blue,
m∗

0 = 0.33m0) fits of Eqs. 6 and 7, both using r = −0.05.

0.3m0 [13, 71], and up to 0.5m0 [72], which is also a
rather large spread of results. It is possible that the non-
parabolicity of the conduction band is the cause of the
historical variation of measured effective masses of in-
dium oxide and indium tin oxide, especially for highly
doped samples. On the other hand, angle-resolved pho-
toemission spectroscopy (ARPES) measurements have
found band edge effective masses 0.22m0 [73] and 0.21m0

[74], with which our non-parabolic band edge fitting cor-
roborates. If a scattering parameter r = 0 is used, the
predicted band edge effective mass and first-order band
non-parabolicity do not vary by more than 0.01m0 and
0.01 eV-1, however, if r is further varied the resulting
best-fitting m∗

0 and C values become unphysical.
When the parabolic band condition (C = 0 eV-1) is en-

forced, the best-fitting carrier effective mass was found to
be m∗

0 = 0.33m0. The best-fitting parabolic band model
is in good agreement with the investigation of the effec-
tive mass of 0.30± 0.03m0 by Preissler et al. [11]. Over
the fabricated range of carrier concentrations within the
work between 2.9 × 1020 ± 0.2 × 1020 cm-3 and 10.1 ±
0.6 × 1020 cm-3 the calculated effective mass varies be-
tween 0.33m0 and 0.44m0. The non-parabolicity of the
conduction band is clearly an important feature of the
overall carrier transport of ITO. Interestingly, the carrier
mobility did not see an overall increase after annealing
beyond 40 cm2V-1s-1 by the reduction in effective mass.
This implies that the implanted nitrogen also contributes
as a point defect scattering site, further supported by
the increased residual resistivity proportion in the most-
implanted film in Figure 6.

The band non-parabolicity determined in this work
is compared to the band non-parabolicities determined
from optical methods involving the plasma frequency by
Liu et al. [4], Fujiwara and Kondo [13], and Feneberg et
al. [14] in Figure 8(a). It is worth noting that as the cal-
culated band edge effective mass is highest in the work
of Fujiwara and Kondo [13], its band non-parabolicity is
lowest. In contrast, Feneberg et al. [14] determined the
opposite relationship, i.e, a low band edge effective mass
and high band non-parabolicity. Liu et al. [4] and the

FIG. 8. (Color online) (a) How the band non-parabolicity fac-
tors found in references compared to the calculated combina-
tion of m∗

0 and C in this work [4, 13, 14]. (b) Carrier effective
mass in terms of carrier concentration for the non-parabolic
band approximation calculated by Eq. 5 for the same refer-
enced works.

calculations of this work find intermediate values for the
band edge effective mass and first-order non-parabolicity
factor. The Seebeck and Hall effect method results are
in good agreement when compared to the optical method
by Liu et al. [4]. Figure 8(b) shows the non-parabolicity
relationship in closer detail, and compares it to the non-
parabolicities determined by the other authors [4, 13, 14].
The low band non-parabolicity of the work of Fujiwara
and Kondo [13] show a large initial effective mass, but
one which does not increase notably until very high dop-
ing concentrations [13]. The similar values of C in the
other works (Liu et al. [4] and Feneberg et al. [14]) show
similar m∗ and n relationships as the resulting fit in our
work, however, are slightly offset by the differing band
edge effective masses.

We envisage that this type of approach of investigating
the band non-parabolicity can be readily implemented on
a range of degenerately doped conducting oxides, such as
ZnO:Al or SnO2:F, and of course In2O3:Sn. Excessive
compensation of acceptor states by implantation may
eventually irreversibly chemically modify the studied ma-
terial, and is as such the reason that higher doping flu-
ences should be avoided. The implantation fluences in
future works must take into account the concentration of
anion vacancies that are available to being filled by the
compensating dopant. Further, structural relaxation by
excessive implantation will eventually lead to the forma-
tion of separate phases, which would not possess the same



10

transport character as the host semiconducting oxide.
Introducing acceptor state defects on donor vacancy

sites is conceptually not limited to degenerate oxide thin
film semiconductors. This would imply the applicability
of this approach for a broader family of materials, where
an acceptor with one lower atomic number could be used
to substitute the anion in systems where the anion va-
cancy provides a high carrier concentration to the point
of degeneracy. Since the method introduced by this work
does not employ any optical measurements, a wider range
of substrate choices are also possible, and the potential
for measurements conducted on bulk samples is also pos-
sible. The band non-parabolicity in such materials can
be investigated on films of materials which may require
substrate material which conflicts with optical measure-
ments, or bulk material where thin film growth provides
particular challenge. The Seebeck and Hall effect method
can provide vital information required for a wide range of
practical applications such as thin film transistors, ther-
melectric generators, or solar cells due to the dependence
of carrier transport on the electron effective mass which
will affect the achievable carrier mobilities in such mate-
rials.

VII. CONCLUSION

The implantation of nitrogen in indium tin oxide
thin films has been investigated, and the band non-
parabolicity of ITO quantified by the quasi-linear Kane
model through the Seebeck and Hall effect measure-
ment method. We calculate a band non-parabolicity
parameter of C = 0.52 eV-1 and band edge effective
mass m∗

0 = 0.21m0, in good agreement with historical
band edge photoemission, optical, and transport mea-
surements. The presence of lattice-incorporated nitrogen
in ITO was identified by XPS. The nitrogen implantation
led to a notable reduction in the carrier concentration and
carrier mobility. Theoretically, the NO

- defect results in
an electron localizing to the defect site, the free electron
concentration reducing as a consequence. In addition, the
band structure and projected density of states calculation
implied that the localized deep acceptor NO defect is sit-
uated above the valence band, and its electronic behavior
is independent of neighboring tin atoms. This research

opens the door for the application of the acceptor dop-
ing and the Seebeck and Hall effect approach with other
anion vacancy driven n-type degenerate conducting thin
films to investigate their band non-parabolicities.
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